Many people use mental imagery to help them perform a variety of tasks. For example, when trying to recall the color of a car, one may create a "mental picture" of the car and "look" at it; or when shopping for a new sofa, one might visualize how one's room would look if the sofa were placed against a particular wall. Imagery can be used not only in memory and reasoning, but also in language comprehension and other cognitive processes (see Kosslyn, Segar, Pani, & Hillger, 1990) .
One of the most fundamental discoveries about imagery is that it has a complex underlying structure. Imagery, along with attention, perception, memory, and movement control, is not a unitary function; all of these abilities arise through a host of distinct processes working in concert (e.g., see Kosslyn & Koenig, 1992; Posner & Petersen, 1990) . These component processes apparently result from the workings of specific regions of the brain. Hence, changes in the brain with aging could selectively affect different aspects of individual cognitive functions.
In this article, we examine the effects of aging on four aspects of visual mental imagery: image generation, image maintenance, image inspection, and image transformation. Image generation is the ability to form visual images, which requires activating stored visual information and using it to create a pattern in a spatial short-term memory structure. This structure is referred to as the "visual buffer" (Kosslyn, 1980) . Image maintenance is the ability to retain images over time; such processing is necessary because the visual buffer retains information only Itiel E. Dror and Stephen M. Kosslyn, Department of Psychology, Harvard University.
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Correspondence concerning this article should be addressed to Itiel E. Dror, Department of Psychology, William James Hall, Harvard University, 33 Kirkland Street, Cambridge, Massachusetts 02138. very briefly, and images are maintained only by continual effort. Image inspection is the ability to interpret a pattern in the visual buffer as depicting an object or part. Image scanning, the systematic shifting of attention over an imaged pattern, plays a critical role in this ability. Finally, image transformation is the ability to rotate or otherwise alter an imaged pattern.
Each of these abilities is undoubtedly the product of complex processing, and many of the same processes may be recruited by them. Nevertheless, at least some of the processes that underlie each ability must be distinct: If the processing were exactly the same, the abilities would not differ. In this article, we use tasks that focus on processes that distinguish these abilities. Our strategy hinges on first identifying a variable that should affect only the operation of a specific process and then observing the effects of manipulating that variable on performance at different ages.
This logic has been used by researchers who study mental rotation at different ages by examining the slopes of mental rotation functions (e.g., Berg, Hertzog, & Hunt, 1982; Cerella, Poon, & Fozard, 1981; Gaylord & Marsh, 1975; Hertzog, Vernon, & Rypma, in press; Jacewicz & Hartley, 1979; Puglisi & Morrell, 1986; Sharps & Gollin, 1987) . These researchers assume that when a stimulus is presented at a greater angular disparity, more mental rotation must occur to reorient the representation. Because all other aspects of the task are held constant (e.g., encoding the stimulus, making the decision, and producing the response), the slope of the function relating angle and response time can be taken to reflect the efficiency of the mental rotation processes per se. In each of the tasks we administered, we examine the difference between a relatively easy and a relatively difficult condition, where "easy" and "difficult" are defined with respect to a variable that presumably taps a single process. It is the difference between these conditions that reflects the efficacy of the process of interest, and hence we seek interactions between these differences and age. Such interactions allow us to rule out the possibility that general encoding, decision, or response processes are responsible for differences over age; observing overall differences over age in response times or error rates could reflect the operation of such general processes. Craik and Dirkx (1992) reported one of the few studies of the effects of aging on imagery processing that did not focus on mental rotation. They tested young and elderly subjects on three imagery tasks: The Brooks Letter Test, which requires subjects to describe the path they would take if they walked along a block letter; the East-West Test, which requires subjects to say which direction they would be facing after they changed directions according to a series of commands; and the Clock Test, which requires subjects to decide whether the hands of a clock at a specific time would subtend an angle greater than 90°. Craik and Dirkx found that in each task the overall performance level of the elderly subjects was lower than that of the young subjects. The Brooks Letter Test showed the smallest difference between the two age groups, and the Clock Test showed the largest difference. Although intriguing, their results are difficult to interpret. It is not clear whether the differences between the young and elderly subjects reflect differences in imagery or whether they are related to differences in encoding the stimuli, making decisions, producing the response, or other nonimagery processes. Moreover, it is not clear what is being measured in each task; for example, the Brooks Letter Test and the East-West Test seem to depend on good image maintenance, the Clock Test seems to rely on precise image generation, and all three tests seem to require spatial judgments. Nevertheless, their findings may suggest that imagery changes over age in nonintuitive ways. Our tasks are based on those used by Kosslyn, Margolis, Barrett, Goldknopf, and Daly (1990) to study the development of imagery processes from 5 years of age to young adulthood. Kosslyn et al. showed that at these ages each of the four abilities noted above do in fact rely on at least one distinct process. Moreover, they found that young children are relatively poor at scanning, rotating, and generating objects in images, but some aspects of the data suggested that young children are relatively good at maintaining images. It is of interest to discover whether image maintenance is also more resistant to the effects of old age; processes that develop early during childhood might be more resistant to degradation with aging, or perhaps there is no relation between the interplay of maturation and experience during childhood and the processes underlying senescence.
Thus, the research reported here had two purposes. First, we wanted to determine whether different components of imagery processing degrade at the same rate with old age. In so doing, we examine the general slowing hypothesis, which asserts that aging has a global and uniform effect on all processing components (Birren, 1974; Birren, Woods, & Williams, 1980; Cerella, 1991; Cerella et al., 1981; Myerson, Hale, Wagstaff, Poon, & Smith, 1990; Salthouse, 1985a Salthouse, , 1985b . Second, we wanted to discover whether imagery processes that are distinct during childhood and early adulthood continue to be independent in old age.
General Method
The same four tasks were administered to all subjects, using the method and procedure summarized below.
Subjects
Two groups of subjects were tested: 32 relatively young subjects, with a mean age of 20 years and an age range of 18-23 years (16 women and 16 men), and 32 elderly subjects, with a mean age of 63 years and an age range of 55-71 years (16 women and 16 men). All subjects were volunteers who were paid for their time. All the young subjects were Harvard University undergraduate students who responded to sign-up sheets posted on campus. The elderly subjects were recruited through the Harvard Alumni Record Office and the Family Host Program at the Harvard International Office. According to self-reports, all subjects were completely healthy and were not taking any medication that might have affected their cognitive performance. To minimize any possible effects of levels of education, we tested only subjects who had received posthigh school education, and half of the elderly subjects were Harvard University alumni.
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General Method and Procedure
All 64 subjects were tested individually on the four imagery tasks. Thirty-two subjects (16 young and 16 elderly) were tested first on the image generation task and then on the image maintenance, image scanning, and image rotation tasks; the other half of the subjects received the tasks in the reverse order. The tasks were administered by a Macintosh Plus computer, with a CP-50 Polaroid filter over the screen to reduce glare. A chin rest was used for all subjects to ensure a constant 18-in. distance between the subjects' eyes and the computer screen.
The subjects read the instructions for each task and then were asked to paraphrase them to the experimenter. Any misconceptions were then corrected. Following the instructions, the subjects received a set of practice trials; if an error was made during these trials, the computer beeped. Throughout the practice trials, the subjects were allowed to ask questions, and additional clarification was provided as appropriate. When subjects made a mistake during the practice trials, they were asked whether they understood why that response was a mistake; the basis of every error was discussed until the subjects clearly understood the task. The subjects were allowed to repeat the practice trials if they so desired; however, no subject took advantage of this opportunity.
After the practice trials, the subjects participated in the test trials. They were asked to respond as quickly as possible while keeping errors to a minimum. All subjects responded by pressing one of two keys with the fingers of their dominant hand. The test trials did not provide feedback, and no talking was allowed throughout the testing sessions. The subjects were given a short break between each task while the next task was loaded into the computer. If the subject so desired, the break time was extended up to 10 min; 3 elderly subjects requested the 10-min break (1 of them took it between the second and third task and the other 2 between the third and fourth task).
1 Separate analyses were performed in which we compared only the elderly Harvard University alumni with the young Harvard students. The results from this analysis do not change the conclusions we drew from the results obtained when we examined all of the elderly subjects: In every task in which we found an interaction with age in the full analysis, we found an interaction when only the Harvard subjects were considered, and in no task in which we failed to find a significant interaction with age in the main analysis did we find one when only the Harvard subjects were considered.
We included at least two levels of difficulty for each task, and half of the trials at each level of difficulty should have been evaluated "true" and half should have been evaluated "false." The trials were always ordered randomly, except that the same level of difficulty or response could not appear more than three times in succession.
Data Analysis
For each task, we conducted separate analyses of variance on the response times and error rates. The subjects variable was always the random effect, and all other variables were crossed. When analyzing response times, we excluded times from incorrect responses and treated as outliers any response times greater than 2.5 times the mean of the remaining scores in that cell. Outliers were replaced by the mean of the cell for that person. We always first considered whether we had replicated the results of previous experiments, which had characteristic patterns of performance that revealed the operation of a specific process (e.g., increased times with angle for mental rotation). We also calculated the effect size measure r for the main effect in each of our four tasks (Rosenthal & Rosnow, 1991) , which enabled us to assess whether some of our failures to find interactions with age were caused by a lack of power of our key manipulation. Finally, after analyzing each task separately we compared the performance of the young and elderly subjects across all four tasks.
Task 1: Image Generation
The image generation task required subjects to form an image of a block letter within four brackets, which delineated the corners of a rectangle. An X mark was placed within the brackets, and the subjects were asked to decide whether the letter would have covered the X mark if it were present. This task was based on one developed by Kosslyn, Cave, Provost, and Von Gierke (1988) , which in turn was a variant of a task devised by Podgorny and Shepard (1978) . This previous research validated that performance on this task does indeed reflect one's ability to generate visual mental images. We varied the difficulty of this task by manipulating the number of constituent segments (complexity) of the letters. Kosslyn et al. (1988) found that more time was required to generate images of more complex letters in this task, but no more time was required to inspect images of more complex letters. In addition, we varied the locations of the probe marks along the letter; Kosslyn et al. found that subjects required more time to evaluate probe X marks that fell on segments that are drawn later in the sequence of strokes when the letter is printed.
We examined complexity and probe location separately because previous research has shown that the two variables tap different processes. Emmorey, Kosslyn, and Bellugi (1993) found that the native speakers of sign language required the same amount of time to form images of simple and complex letters-but did require more time to evaluate probe marks placed on or near segments that are drawn later in the sequence. In contrast, nonnative speakers of sign required more time to form images of complex letters and required more time for probes that were placed on or near segments that are drawn later in the sequence. If the two variables reflect the same underlying process, such a dissociation should not have occurred. Partly on the basis of the results of computer simulation modeling of visual mental imagery, Emmorey et al. hypothesized that one must first activate a stored representation of the letter, and more complex letters have more complex representations, which typically require more time to activate. However, because speakers of sign language use imagery as an integral part of their language, they are very practiced at this operation and therefore can activate even relatively complex representations quickly. In contrast, the effects of probe location appear to reflect a sequential process in which each segment of a letter is added to the image individually; such processing is necessary because the locations of segments are specified relative to other segments, and so the segments cannot all be imaged at the same time (see Kosslyn, 1987) . Hence, even speakers of sign language show a normal effect of probe position. It was of interest to discover whether aging affects the two kinds of processes, activation and segment placement, in the same way.
Method
Materials. The task required the subjects to generate an image of a block (uppercase) letter in a set of brackets that contained a small X mark. The brackets denned the corners of a rectangle that was 2.6 X 3.2 cm, and the X mark was 0.6 X 0.6 cm. The letters were created by filling in cells of a 4 X 5 grid to create segments, which were joined to form block letters. The inner grid lines and all but the corner boundaries of perimeter were then eliminated. This procedure created angular block letters, with no curves. The X mark was formed by connecting the diagonal corners of one of the cells in the grid.
The letters were classified as simple or complex, depending on the number of segments needed to draw them. The 10 letters used by Kosslyn et al. (1988) were used here. The letters C, F, H, L, and U were classified as simple (including three or fewer segments), and G, J, O, P, and S were classified as complex (including four or more segments).
The test trials used all of the letters except L and O, which were reserved for practice. Sixty-four trials were constructed, 32 at each level of complexity. Each letter appeared eight times, four times including an X mark that would have been covered by the letter (true trials) and four times including an X mark that was adjacent to where a segment would have fallen (false trials). For half of the trials of each type, we placed the X mark on (for true trials) or adjacent to (for false trials) the letter segment that is drawn at the beginning of the sequence (e.g., the left vertical bar in an H); these are called early trials (Kosslyn et al., 1988 , explain how these sequences were determined). For the other half, we placed the X mark on or adjacent to the letter segment drawn at the end of the sequence (e.g., the horizontal bar in an H)', these are called late trials. Kosslyn et al. found that subjects require more time to evaluate late trials in the imagery task used here but not in a perceptual control task.
The practice session included eight trials, four at each level of complexity. Within each level of complexity, half of the trials included an X mark that would have been covered by the letter, and half included an X mark that was adjacent to where a segment would have fallen. Thus, there were two trials for every letter that required the same response. On one of these trials, an early probe was used, whereas on the other a late probe was used.
Procedure. We first asked the subjects to memorize the shapes of the uppercase letters. As illustrated in Figure 1 , the subjects viewed each of the letters as they appeared in the brackets, which were presented with the lowercase script version of the letter below. We presented the entire set of letters three times and gave the subjects as much time as they wanted to study each shape carefully. After they studied the letters, 500ms of blank screen " -C 500ms of blank screen space bar press 500ms
yes/no response we tested the subjects to ensure that they had memorized the shapes correctly; the subjects were shown the lowercase script versions of the letters and were asked to draw the uppercase block versions on a sheet of paper that contained sets of empty brackets (at the same size, and in the same relative locations, as those used in the original stimuli). When subjects made a mistake, we showed them the correct uppercase block shape and then asked them to draw again. No subject continued to make a mistake on the same letter or made more than two mistakes altogether. In the test trials proper, we asked the subjects to decide whether the letter, if it were physically present in the brackets, would cover the probe mark. The trial sequence was as follows: The subjects first saw an exclamation mark on the computer screen, which signaled them to prepare for a trial. As soon as they were ready, they pressed the space bar, which caused a blank screen to appear for 500 ms. The lowercase script version of one of the letters then appeared for 500 ms, followed by a blank screen for an additional 500 ms. Following this, a set of four brackets with an X mark was presented. At that time, the subjects were to decide whether the corresponding uppercase version of the lowercase letter would cover the X mark if the uppercase letter were present in the brackets. If so, they were to press one key; if not, they were to press another. The trial sequence is illustrated in Figure 1 .
Results
A total of 2.00% of the data were treated as outliers. We did in fact find the hallmarks of image generation reported by Kosslyn et al. (1988) , and hence we were justified in assuming that the task assessed image generation in these subjects. Replicating Kosslyn et al., the subjects in general required more time to evaluate the complex letters (with means of 1,136 ms and 1,848 ms for simple and complex letters, respectively), F( 1,62) = 131.38, MS t = 31,117, p < .01, and made more errors when doing so (with means of 4.1% and 11.3% errors for simple and complex letters, respectively), F(l, 62) = 69.01, MS e = 29.32, p < .01. The effect size r for the main effect of letter complexity was .82 for response times and .73 for error rates. Moreover, also replicating Kosslyn et al., the subjects required less time for early probes than for late ones (with means of 1,388 ms and 1,453 ms for early and late probes, respectively), F(l, 62) = 3.80, MS, = 35,644, p = .05, and made more errors for late probes (with means of 4.6% and 11.8% errors for early and late probes, respectively), F(l, 62) = 68.64, MS e = 24.22, p < .01. The effect size r for the main effect of probe location was .24 for response times and .72 for error rates.
The results of most interest allow us to compare image generation ability at the two ages; hence, we examined whether complexity and probe location had comparable effects at the two ages. As illustrated in Figure 2 , older subjects required relatively more time than young subjects to evaluate the more complex letters, as reflected by an interaction between age and stimulus complexity, F(\, 62) = 10.57, MS, = 31,117, p< .01; moreover, the older subjects made relatively more errors for the complex letters than did the young subjects, F(l, 62) = 28.39, MS e = 29.32, p < .01, for the corresponding interaction in the error data. However, both age groups had comparable increases in response times and error rates when they evaluated late probes, compared with early ones, as reflected by a failure to find an interaction between age and probe location, F(l, 62) = 1.40, MS, = 35,644, p = .24 for response times, and F( 1,62) = 1.70, MS, = 24.22, p = .20 for error rates. A power analysis of the response time interaction revealed that to achieve a power level of .80 we would have needed to test approximately 500 subjects and approximately 450 subjects for the error rate interaction. Finally, the young subjects generally responded more quickly, F( 1, 62) = 80.17, MS. = 202,523, p < .01, and accurately, F( 1, 62) = 41.08, MS e = 40.37, p < .01, than the elderly subjects.
Discussion
We found that although older subjects, relative to the young ones, required more time and made more errors for more complex images, they required comparable time and made comparable errors for probes that required them to add greater numbers of segments to the image. Our estimate of effect size suggests that our manipulation of probe location may have been too subtle to detect differences in response times, but additional analyses we conducted after we analyzed each task separately, described below, revealed that the lack of interaction between age and probe location was not due to lack of power.
We hypothesized that the image generation process can be decomposed into two general phases. First, a stored description of the shape of an object must be accessed and activated in longterm memory; this description specifies how parts are arranged. We assume that more complex letters have more complex descriptions, which typically require more time to activate. The effects of complexity suggest, then, that older people do not activate images as effectively as do younger people. Second, each part of the object then must be visualized in the correct relative location (see Kosslyn, 1980 Kosslyn, , 1987 . We assume that images of segments are generated individually, and hence late probes require more time to evaluate than early ones (see Kosslyn et al., 1988 , for support for this inference). The young and the elderly subjects had comparable increases in both response times and error rates when they evaluated late probes, compared with early ones (and hence there was no speed-accuracy trade-off), which suggests that the older people add successive segments to their images as effectively as the young subjects in this task.
Task 2: Image Maintenance
The image maintenance task was a variant of the generation task and was used previously by Kosslyn, Margolis, Barrett, Goldknopf, and Daly (1990) to study imagery in children and young adults. The subjects studied a pattern, which appeared within a set of four brackets. The pattern was then removed, and, after a delay, an X mark appeared within a set of four brackets; the subjects were asked to decide whether the shape would have covered the X mark. We varied the complexity of the patterns and observed the effects of increased complexity on the ease of performing this task at the two ages.
Method
Materials. As in the generation task, the stimuli were placed within 2.6 X 3.2-cm brackets, and the X mark was 0.6 X 0.6 cm. We prepared two types of stimuli. First, stimulus shapes included one, two, or three perceptual units. The units were composed of vertical or horizontal bars, which had a constant width of 0.6 cm. These patterns were produced by tilling in cells in a 4 X 5 grid, and then the grid lines and extra perimeter were eliminated (leaving only the four corner brackets). We prepared 24 different shapes, 8 at each level of complexity. The two-and three-unit displays included bars that met to form regular shapes, as illustrated in Figure 3 . Second, each stimulus shape was paired with a set of brackets that contained only an X mark, just as were used in the image generation task.
Forty-eight trials were constructed, 16 at each level of complexity. At each level of complexity, half of the trials had X marks that would have been covered by the stimulus shape, were it superimposed on the display, and half had X marks that would have been adjacent to it. In addition, practice trials were prepared, 4 at each level of complexity, 2 of which had X marks that would have been covered by the shape and 2 of which had X marks that would not have been covered by the shape.
Procedure. Each trial began with a 500-ms presentation of an exclamation mark, followed by another 500 ms of a blank screen. Then, one of the stimulus shapes was presented on the screen. The subjects memorized the pattern and pressed the space bar, which caused the pattern to disappear. The screen was blank for the next 2,500 ms, and the subjects were required to retain an image of the pattern during this interval. Following this, an X mark appeared within a set of brackets. The subjects were asked to decide whether the stimulus shape would have covered the X mark. If so, they pressed one key; if not, they pressed another.
Results
A total of 2.21% of the data were treated as outliers. The results are illustrated in Figure 4 . Replicating the results of Kosslyn, Margolis, Barrett, Goldknofp, and Daly (1990) with children and young adults, these subjects required more time to evaluate increasingly complex patterns (with means of 1,183 ms, 1,289 ms, and 1,381 ms for one-, two-, and three-unit stimuli, respectively), F(2,124) = 20.25, MS C = 30,463,p < .01, and made more errors evaluating them (with means of 3.3%, 5.9%, and 9.8% errors for one-, two-, and three-unit stimuli, respectively),^, 124)= 15.87, MS C = 42.27, p<. 01. The effect size r for the main effect of complexity was .50 for response times and .45 for error rates. Hence, we have evidence that performance in this task does in fact reflect the efficacy of image maintenance processes. However, as illustrated in Figure 4 , this effect was the same at the two age groups, as reflected by our failure to find even a hint of an interaction between age and complexity in the response times, F(2,124) = 1.00, MS, = 30,463, p = .37, or error rates, ^(2, 124) = 1.29, MS e = 42.27, p = .28. A power analysis of the response time interaction revealed that to achieve a power level of .80 we would have needed to test approximately 850 subjects and approximately 800 subjects for the error rate interaction. The young subjects generally were faster and more accurate in this task, F(\, 62) = 59.12, MS C = 284,403, p < .01 for response times (with means of 988 ms and 1,580 ms for young and elderly subjects, respectively), and F( 1, 62) = 20.85, MS e = 62.89, p < .01 for error rates (with means of 3.7% and 8.9% errors for young and elderly subjects, respectively).
We next performed a linear-by-linear contrast to examine directly the hypothesis that more complex stimuli should be increasingly more difficult, relative to the simpler stimuli, for older people. There was no interaction between stimulus complexity and age for response times (F < 1) or error rates, F(l, 124)= 1.88, p = .17. 
Discussion
The most interesting aspect of the results is that the young and elderly subjects had the same relative increase in response times and error rates when they had to maintain images of increasingly complex shapes. The linear-by-linear contrast assured us that the elderly subjects' ability to maintain images was the same as the young subjects'. Although our manipulation of difficulty did confer more than moderate power in this task, we Complexity (segments) nevertheless must be cautious in interpreting a null finding. Moreover, the subjects tended to require less time overall in this task than in the image generation task, and so it is possible that this result is a consequence of task difficulty; we consider this possibility after all of the results have been reported.
Task 3: Image Scanning
Although no study has examined the affect of aging on the scanning of mental images, findings reported recently by Folk and Hoyer (1992) suggest that the ability to scan a perceptual image is preserved with aging. Given that numerous studies have established that visual perception and visual mental imagery share many mechanisms (e.g., see Farah, 1988; Finke, 1989 ; chapter 4 of Kosslyn & Koenig, 1992) , it is of interest to discover whether the ability to scan images is also preserved with aging.
Our image scanning task was used by Dror, Kosslyn, and Waag (1993) and is a variant of the task devised by Finke and Pinker (1983) , which was based on the original task of Kosslyn (1973) . On each trial, the subject was asked to study a rectangular ring, which had six squares on each side. Three of the square cells were filled with black, and the others were empty. A small arrow briefly appeared in the center of the ring, and then the entire display was removed. The subjects were asked to decide whether the arrow pointed to a filled square, which required them to scan across the image to the ring. We varied the distance subjects would have to scan and thus were able to assess the effects of scanning per se on performance by comparing results when different distances were scanned.
Method
Materials. A 4.2 X 4.2-cm ring was constructed, with six 0.7 X 0.7-cm squares on each side. Three squares were blackened; these black cells were randomly located, with the constraint that each black square was on a different side of the rectangle and that an equal number appeared on each side over all trials; an example of the stimuli is presented in Figure 5 . In addition, a 0.4-cm arrow was presented in one of eight different orientations, from the upright position of 0' to 315°, varying in 45° increments. The arrows were positioned at three distances from the target cell, either adjacent to it, 1.2 cm away from it, or 2.1 cm away from it. Sixty test trials were constructed, 20 for each distance. On half of the trials at each distance, the arrow pointed to a black square, and on half it did not. In addition, 12 practice trials were prepared, with 2 at each distance that included arrows pointing to black squares and 2 at each distance that included arrows pointing to empty squares.
Procedure. The subjects were shown a ring stimulus and were asked to study it until they could visualize it. At this point, they pressed the space bar, and the arrow appeared in the empty space within the ring for 50 ms. Following the brief flash of the arrow, the shape and arrow were removed. The subjects' task was to decide whether the arrow pointed to a location previously occupied by a black square. If so, they pressed one key; if not, they pressed another.
Results
A total of 1.04% of the data were treated as outliers. As illustrated in Figure 6 , the results exhibited the standard hallmark of image scanning, an increase in response time when subjects had to scan greater distances (with means of 852 ms, 947 ms, and 972 ms for near, medium, and far distances, respectively), F(2, 124) = 16.34, MS C = 15,820, p < .01; moreover, the subjects made more errors when greater distances had to be scanned (with means of 7.7%, 13.5%, and 17.9% errors for near, medium, and far probe distances, respectively), f\2, 124) = 28.29, MS f = 58.73, p < .01. The effect size r for the main effect of distance was .84 for response times and .56 for error rates. The increase in time and errors with increasing distance replicates the results of Dror et al. (1993) , Finke and Pinker (1983) , Kosslyn (1973) , and the rest of the image scanning literature (see Kosslyn, in press , for a review). We can be confident that performance in this task does in fact reflect the efficacy of image scanning processes. Thus, it is of interest that, as is also illustrated in Figure 6 , the young and elderly subjects took about the same amount of time to scan additional distances; the interaction between age and distance did not even approach significance in the response times, F(2, 124) = 1.81, MS e = 15,820, p = .17, or error rates, F(2,124) = 1.55, MS C = 58.73, p = .22. A power analysis of the response time interaction revealed that to achieve a power level of .80 we would have needed to test approximately 700 subjects and approximately 750 subjects for the error rate interaction. Finally, older people generally required more time and made more errors than young people, F( 1,62) = 21.93, MS, = 173,213, p < .01, for response time (with means of 783 ms and 1,064 ms for young and elderly subjects, respectively), and F( 1,62) = 28.93, MS e = 150.26, p < .01, for error rate (with means of 8.3% and 17.8% errors for young and elderly subjects, respectively).
We next performed' a linear-by-linear contrast to directly examine the hypothesis that longer distances should be increasingly more difficult, relative to shorter distances, for older people. There was no interaction between distance and age for either response times or error rates (F < 1) in both cases.
Discussion
We found no difference in image scanning over age. Subjects at both ages showed the standard increase in time to scan increasing distance, but the amount of increase was the same. Linear-by-linear contrasts assured us that there was no trend for elderly people to decline in their ability to scan. These results are consistent with Folk and Hoyer's (1992) finding that perceptual scanning does not decline with age. Although the overall times were rather low, which could suggest that this task was rather easy and hence was not sensitive enough to detect age differences, additional analyses described below reveal that the lack of interaction was not due to lack of power. Furthermore, our manipulation of difficulty did have enough power to detect differences in error rates, which leads us to suspect that the null finding is not simply due to a ceiling effect.
Task 4: Image Rotation
In contrast with the dearth of studies of image generation, maintenance, and scanning in the elderly, there is a growing literature on image rotation in old age. Johnson and Rybash (1989) reviewed the recent literature on mental rotation in the elderly and reported that six such studies have been published using modern chronometric techniques (excluding neuropsychological studies and studies of special populations; see Berg et al., 1982; Cerellaetal., 198 l; Gaylord& Marsh, 1975; Hertzog et al., in press; Jacewicz & Hartley, 1979; Puglisi & Morrell, 1986; Sharps & Gollin, 1987) . Some of these studies reported slower rotation rates with increasing age (e.g., Cerella et al., 1981; Gaylord & Marsh, 1975) , but other studies did not find such slowing (Jacewicz & Hartley, 1979, Experiment 1; Sharps & Gollin, 1987, speeded condition) . The results are difficult to compare because of the wide variation in the precise stimuli (ranging from English letters and Greek letters to three-dimensional human figures), ages of subjects (e.g., the elderly in the Jacewicz & Hartley study had a mean age of only 56 years), and the differences in instructions (e.g., the degree to which both speed and accuracy were emphasized). It is possible that subjects were led to perform the tasks in different ways in the different studies. Clearly, image rotation is a complex ability, and the effects of age on this ability may not be easily understood. Thus, we wanted to examine this ability, not only to relate it to the other abilities but also to contribute to this literature.
Our image rotation task is a variant of the task used by Dror (1992) and Kosslyn, Margolis, Barrett, Goldknopf, and Daly (1990) , which was based on the task developed by Shepard and Metzler (1971) and Cooper (1975) . This task required the subjects to decide whether two shapes were identical, regardless of their orientation. Half of the shapes were identical after rotation, whereas the other half were mirror-reversed versions of each other. We varied the angular disparity of the shapes, which required different amounts of mental rotation.
Method
Materials. The shapes were composed by filling in contiguous cells of a 4 X 5 grid so that two or three bars were formed and then eliminating all the grid lines and all but the outline of the perimeter; an example of these stimuli is presented in Figure 7 . The bars had a width of 0.6 cm, and the shapes never exceeded 2.6 X 3.2 cm. Pairs of shapes were shown simultaneously on the computer screen, one to the left and one to the right of a fixation point. The shapes were presented in four relative orientations, with angular disparities of 0°, 90°, 135°, or 180°. The shape on the right was always the one rotated, and the shape on the left was always upright and used for reference. A black square was placed at the top of each shape, which helped the subjects to locate the corresponding parts of the figures (which is necessary to know which direction to rotate one to bring it into congruence with the other).
We constructed 64 trials, 16 at each level of angular disparity; half of the stimuli at each level of angular disparity were identical and half were mirror reversed. For every 8 trials within each cell, 4 included shapes composed of two bars, and 4 included shapes composed of three bars. A set of 16 practice trials was prepared, which included 4 trials at each level of angular disparity, half of which contained mirror-reversed patterns; half of each type of trial used two-bar shapes, and half used threebar shapes.
Procedure. An exclamation mark appeared, which signaled the beginning of a trial. The subjects pressed the space bar when they were ready, at which point a blank screen appeared for 500 ms. Following this, a pair of stimulus shapes was presented. The subjects were asked to mentally reorient the shape on the right to its upright position and then to decide whether it was identical to the one on the left or was a mirrorreversed version of that shape.
Results
A total of 1.24% of the data were treated as outliers. As is evident in Figure 8 , we replicated the classic mental rotation findings: Both response times and error rates were affected by angular disparity, F(3,186) = 127.47, MS C = 213,716, p < .01, for response time (with means of 1,865 ms, 2,817 ms, 2,940 ms, and 3,424 ms for 0°, 90°, 135°, and 180° of rotation, respec- Figure 7 . Examples of stimuli used in the image rotation task. tively), and F(3, 186) = 28.06, MS e = 60.30, p < .01, for error rates (with means of 2.1%, 7.3%, 7.3%, and 14.6% errors for 0°, 90°, 135", 180° of rotation, respectively). Linear contrasts revealed that the response times increased with angular disparity for the young subjects, F(l, 93) = 478.74, MS C = 102,220, p< .01, (response time = 1,456 -I-6.58 X [angle], R 2 = .98), and for the elderly subjects, F( 1, 93) = 358.39, MS C = 325,212, p < .01, (response time = 2,373 + 10.16 X [angle], R 2 = .97). In addition, linear contrasts performed on the error rates revealed that they too increased with angular disparity for the young subjects, F(\, 93) = 62.03, MS C = 34.22, p < .01, (error = 1.56 + .04 X [angle], R 2 = .94), and for the elderly subjects, F( 1,93) = 46.21, MS C = 86.38, p< .01 (error = 1.56 + .08 X [angle], R 2 = .80). The effect size r for the main effect of angular disparity was .80 for response times and .62 for the error rates.
The most interesting finding was that the elderly subjects required increasingly more time than the young subjects to mentally rotate the patterns as additional amounts of rotation were required, as indicated by an interaction between age and angular disparity in the response times, F(3, 186) = 6.06, MS e = 213,716, p < .01, and in the error rates, F(3, 186) = 3.76, MS e -60.30, p = .01. We next calculated for each subject the slope of the increase in times and errors as a function of angle of rotation and examined whether there was a difference between age in rotation slopes. This analysis buttressed our inference that elderly subjects required more time to rotate images, as reflected by a difference between age and slope in response times, F(1, 62) = 9.43, MS C = 21.74, p < .01, and in error rates, F( 1, 62) = 4.07, MS C = 0.005, p = .05. In addition, older subjects generally took longer than young ones (with means of 3,402 ms and 2,122 ms, respectively), F(l, 62) = 34.08, MS C = 3,077,374, p -.01, and made more errors than young subjects (with means of 9.7% and 6.0% errors, respectively), F(l, 62) = 6.55, MS e = 140.43, p<m.
Discussion
We found that the elderly require more time than young people to rotate figures progressively greater amounts. This result allows us to conclude that at least some of the processes used to rotate objects in mental images degrade with increasing age. Kosslyn (1987) argued that mental rotation is accomplished by a set of processes, some that actually alter spatial location, others that maintain correct alignment between the segments of the imaged pattern, and yet others that monitor the progression of intermediate orientations. Our previous finding that the elderly scan images as effectively as young people might suggest that the rotation deficit was not caused by problems in monitoring the progress of the transformation. Similarly, our previous finding that the elderly add segments to patterns during image generation as effectively as young people might suggest that the rotation deficit was not due to adjusting individual segments. However, we must be careful in assuming that the difficulty of performing these processes in the previous tasks is the same as in this task; if they are more difficult here, they could be the cause of the observed changes over age.
Overall Analysis When we analyzed the results of each task separately, we found that the processing differences between young and elderly subjects were significant in some tasks but not in others (as reflected by interactions between processing level and age). These results may imply that aging affects some component imagery processes more than others, but we cannot infer this with certainty unless we directly compare the differences between the two age groups across the tasks. Furthermore, it is possible that we failed to detect age differences in some tasks because they had low power. Thus, it seemed useful to analyze all of the data together, which would enable us to compare the age groups across tasks, as well as provide us with greater statistical power (as reflected in larger degrees of freedom in the error term). We were interested in examining specific information-processing components, not overall performance. Hence, following the logic explicated at the beginning of this article, we assessed the efficacy of specific components by comparing levels of processing within each task. Specifically, we calculated the performance for each subject in each task by subtracting the score when relatively little processing was necessary from the score when additional processing was necessary. This difference score reflects the portion of the overall response that is selectively affected by the process in question. We then submitted these data to an analysis of variance using age group (young vs. old) as a between-subjects factor and task as a within-subjects factor.
We found that the differences between young and elderly subjects varied across tasks, as witnessed by an interaction between age and task, F(4, 248) = 7.25, MS C = 193,185, p < .01, for response times, and F(4,248) = 2.40, MS, = 96.24, p = .05, for error rates. As summarized in Table 1 , the smallest differences between young and elderly subjects are in the tasks in which we did not find interactions in the analyses reported earlier. We then performed contrast analyses to reexamine our failures to detect interactions in the individual tasks, using the extra power of the overall analysis. Consistent with our earlier analyses, the contrasts revealed no differences between the young and elderly subjects in composing segments when generating images, F( 1, 248) = 1.05, MS e = 193,185, p = .31, for response times, and F( 1,248) = 1.73, MS e = 96.24, p = . 19, for error rates; in maintaining images, F < 1, for response times, and F( 1,248) = 3.33, MS e = 96.24, p -.07, for error rates; and in scanning images, F < 1, for response times, and F(\, 248) =1.18, MS e = 96.24, p = .28, for error rates. We found marginal evidence for age differences in image maintenance, which attests to the greater power of this analysis. In addition, there were differences between the two age groups in those tasks where the earlier analyses revealed interactions, in activating images for generation, F(l, 248) = 6.87, MS, = 193,185, p < .01, for response times, and F(\, 248) = 34.87, MS C = 96.24, p < .01, for error rates; and in rotating images, F(l, 248) = 75.41, MS e = 193,185, p < .01, for response times, and F(l, 248) = 22.54, MS, = 96.24, p < .01, for error rates. The overall analysis also indicated that the elderly subjects were generally more affected by the processing manipulations than were the young subjects, F(l, 62) = 9.91, MS, = 246,291, p < .01, for response times, and F( 1, 62) = 17.40, MS e = 121.44, p < .01, for error rates; and that the processing manipulations varied across the different tasks, F(4, 248)= 128.99, MS C = 193,185, p< .01, for response times, and F(4,248) = 4.05, MS e = 96.24, p < .01, for error rates.
The overall analysis of variance reinforces the inference that aging affects some imagery processes more than others. However, to draw such a conclusion with confidence, we needed to determine whether the tasks differed in their overall level of difficulty and in their power (as reflected in the effect sizes of their main effects). Note that in the response time data, the three smallest effect sizes are associated with the three measures in which we did not find a difference between the young and elderly subjects. It is possible that we found age differences only when the high-processing condition was hard enough to challenge the limited resources of the elderly and the low-processing condition was substantially less taxing. Thus, it is possible that even though the two age groups differed only in selected tasks, we can account for all the data by a single variable and show that aging affects all the tasks in a similar way. Such arguments have been raised by a number of researchers (e.g., Cerella, 1 99 1 , suggested that the seemingly distinct aging effects reported by Fisk & Rogers, 1 99 1 , can actually be explained by a single aging variable).
We considered the possibility that aging has a uniform effect by computing the correlation between the mean performance of young and elderly subjects across the tasks (for a full description and discussion of such an analysis, see Salthouse, 1992 , along with the commentaries by Kliegl & Mayr, 1992, and Schaie, 1992;  and for discussion of possible limitations of such analyses see Fisk, Fisher, & Rogers, 1992) . We plotted the mean response time for each level of difficulty in each task for the elderly against the corresponding mean response times for the young subjects. As is illustrated and evident in Figure 9 , the correlation is strikingly high (R 2 = .99)! The corresponding correlation for the error rate data was not as striking but was still
We were concerned that these correlations might be an artifact of general encoding, decision, or response processes, not the specific imagery components we were examining. The existence of such general effects was reflected as main effects of age in all of our analyses of variance. Of more interest were the interactions between age and level of processing. We designed each task so that difficulty was defined relative to a specific process, and hence we focused on interactions between age and processing level. Thus, we needed to compute the correlation between age and the difference between the means of the high-and low-processing conditions. These mean differences should reflect the efficacy of specific imagery processes. As is evident in Figure 10 , the response time data tell the same story as when the overall times were considered (R 2 = .99). In sharp contrast, however, the corresponding error rates tell a very different story; indeed, there is essentially no relation between the errors committed at the two ages (R 2 = .07). In short, the overall analysis of variance and correlational analyses showed that although general factors may affect response time with aging, aging selectively affects the efficacy of components of mental imagery.
General Discussion
In every experiment, we replicated the hallmarks of the specific type of imagery processing being studied; thus, we can have confidence that the differences we found over age in these experiments reflect differences in specific types of processes. Although the response times for the elderly subjects could be explained almost perfectly by assuming that they are generally slower than young people, the differences in error rates between the young and elderly subjects across the different tasks suggest that aging does not have a uniform affect on mental imagery. Salthouse (1992) reported that such findings are fairly typical. He suggested that correlational analyses of the sort we report are not as reliable in error analyses as they are in response time analyses because systematic relations are harder to detect in error rate data. Salthouse provided various reasons for this phenomenon: Measures from different tasks are not always comparable, such measures are more likely to have floor or ceiling effects, and such measures are discrete rather than continuous. Our findings cannot be easily explained by such factors: Our error rate data do not suggest that there were floor or ceiling effects; our error rate measures were as comparable in the different tasks as were the response time measures. Furthermore, as raised by Salthouse himself, other studies have in fact found high correlations in error rate data (e.g., Campbell & Charness, 1990; Salthouse, 1987) . Thus, we take the lack of correlation between young and elderly subjects in error rates as evidence that some imagery processes were more impaired by aging than were others.
The two dependent measures, response time and error rate, are interrelated; if the subjects had been told to respond only when they were certain of the answer, we probably would have reduced the errors but increased response times proportionally (e.g., see Luce, 1986; Hertzog et al., in press ). Thus, if the subjects had been urged to keep their errors to an absolute minimum, we may have found differences in response times that Young Error Rate (%) Figure 9 . Mean response times (left panel) and error rates (right panel) for each level of difficulty in each task for the elderly subjects compared with the young subjects. Figure 10 . Difference scores for response times (left panel) and error rates (right panel) for each task for elderly subjects compared with difference scores for young subjects.
were not simply an effect of generalized slowing. The present results may suggest that people of different ages adopt different criteria for when to respond, with the elderly "giving themselves" more time. However, such a general difference in response criterion does not imply that there are no specific decrements in processing capabilities with advanced age. Indeed, Hertzog et al. (in press ) manipulated the instructions in an image rotation task (emphasizing speed, accuracy, and both) and found that older subjects did not sacrifice accuracy for speed. These results suggest that the error rates we observed probably are a good reflection of the underlying processing capacities of the elderly and reflect distinct effects of aging on components of mental imagery. It is clear that physical changes in the brain over age must influence our mental abilities. Some researchers claim that such effects are uniform and global (Birren, 1974; Birren et al., 1980; Cerella, 1991; Cerella et al., 1981; Myerson et. al, 1990; Salthouse, 1985a Salthouse, , 1985b . The present results suggest that although some aspects of aging may have general effects, aging also has selective effects. Specifically, processes used to add segments to an image and those used to scan an imaged object do not degrade as much over age as other processes, such as those used to activate stored representations during image generation and to rotate imaged objects. We also found a possible hint that the elderly may have a deficit in maintaining images, as witnessed by a trend for more errors in our overall analysis.
If aging does not have uniform effects on imagery, it is natural to ask whether similar performance differences occur during childhood. Some aspects of Kosslyn, Margolis, Barrett, Goldknopf, and Daly's (1990) results suggested that young children are relatively adept at image maintenance; in contrast, they are relatively poor at scanning, rotating, and generating objects in images. Image maintenance was barely impaired, if at all, in the elderly in the age range we examined, and we have no evidence that image scanning and generating individual segments of shapes are impaired with increasing age (at least up to the age we examined). Thus, for imagery abilities, at any rate, we found no evidence that the course of aging is simply the inverse of the course of development.
